Char conversion by pyrolysis is a promising technique for the production of renewable carbon source. In this study, char generated from agricultural waste (i.e. palm shell) was studied as reductant instead of fossil fuels. The palm shell char was prepared by chemical activation using orthophosphoric acid and pyrolysis under an inert atmosphere at 723 K. The reduction experiment was conducted to understand the reduction of iron oxide with palm shell char where the associated reaction kinetics was elucidated. The reduction conditions were kept constant for 30 min, C/O ratio was 0.6 and particle size <63 m. The reduction experiments were conducted in the temperature range 1523−1823 K in a horizontal tube furnace under argon gas. Scanning electron microscope (SEM) was employed to determine the structure of reduced samples. The results showed that the reduction temperature was responsible for structural evolutions during reduction. The iron oxide was completely reduced to metallic iron with palm shell char at 1823 K and this temperature was considered optimum for the desired conversion. X-ray diffraction (XRD) and energy dispersive X-ray spectroscopy (EDX) confirmed the formation of metallic iron after the reduction reaction. The activation energy of hematite reduction by palm shell char was 117 kJ mol −1 and this indicated the reduction occurs in a rapid manner. The palm shell char is highly reactive as reductant and this correlated well with the reduction kinetics at high temperature. This study provided insight on the ideal approach of agricultural waste as a renewable carbon reductant for steelmaking applications.
Introduction
Agricultural waste is an important resource as it can be converted into carbon material. The application of agricultural waste in steelmaking applications has become quite popular because it is environmental friendly and generate low greenhouse gas (GHG) emission such as CO 2 . Coke is widely used as a reductant in the steel industry. As a result of using fossil fuels, the steel industry was responsible between 7% and 9% of total GHG emissions in the world in 2017 [1] . Considering the environmental concern, a number of studies have attempted to find a potential alternative reducing agent to replace coke that currently has dwindling supplies. In recent years, many studies are focusing on the commercialization of carbon reductant in the form of waste polymers by addition with metallurgical coke in electric arc furnaces (EAF) [2] [3] [4] . The main purpose of this attempt is to enhance the performance of steelmaking and developing sustainable recycling of plastic wastes. Charcoal derived from the agricultural waste is the most promising option for application as a carbon reductant. Raw agricultural waste has poor characteristics for direct use in the steel industry such as high moisture, low energy density, low calorific value, low grind ability, low carbon and high volatile contents [5, 6] . Conversion to charcoal would create a value-added carbon product through thermal conversion (i.e. pyrolysis) as it increases the fixed carbon content. The char derived from agricultural waste have remarkable properties such as high fixed carbon content and porosity with regard to its use as a reductant. The properties of carbon product can be varied depending on pyrolysis conditions and raw material composition [7, 8] . Agricultural waste such as palm shell is renewable and can be found abundantly in a tropical country like Malaysia. In this study, palm shell taken from local oil palm mill was converted into char by chemical activation and pyrolysis simultaneously and introduced as a carbon source for iron oxide reduction. According to Herawan et al. [9] , Malaysia produces 2 million tonnes of palm shell annually as the country is one of the largest world's producers of palm oil. Application of oil palm waste such as palm shell char instead of coke is interesting due to low ash, high calorific value and considered to be a carbon-neutral energy source that able to lower the net CO 2 emissions [10, 11] . An investigation by Yunos et al. [12] proved that palm shell char has high reactivity and positive role in controlling slag foaming in the EAF steelmaking.
Previous research investigated the reduction of iron oxide by agricultural wastes such as empty fruit bunch, macadamia nutshell, bamboo and coconut crust [13] [14] [15] . Most of these studies were conducted at lower reduction temperatures ranged from 873 K to 1623 K. Meanwhile, reduction studies using agricultural waste at higher temperature are still limited. Man et al. [16] studied on the effect of reduction temperatures and summarized that the reduction reaction was initially controlled by diffusion at a temperature of 1173 K. Meanwhile, during high-temperature reduction up to 1373 K, it became a phase boundary controlled. Ueda et al. [17] found that the activation energy can be lowered with a catalytic element such as reactive carbon by improving the reduction rate. In comparison to coke, charcoal prepared from Japanese cedar and cypress showed a high reactivity during reduction of iron oxide [18] . Murakami et al. [19] studied the role of volatile matter in different carbonaceous in the reduction process. They found that high volatile matter in carbonaceous materials played a key role in the release of gaseous reductants such as CO and CO 2 for a higher extent of reduction. Several studies discussed the effect of other reduction conditions such as C/O molar ratio and particle size of raw materials [20, 21] .
In the determination of reduction kinetics, the present research focused on hematite reduction at high temperatures by using palm shell char as a reductant. The reduction reaction will give an overview of the energy efficiency when coke reductant is substitute with agricultural waste. The reduction kinetics of hematite with palm char will provide innovation perspective to sustainable steelmaking. This finding will be beneficial to the local environment by generating economic benefit and has high potential in reducing fossil fuels as well as energy consumption in steelmaking.
2.
Materials and methods
Materials and char preparation
Reagent grade iron oxide (HmbG Chemicals) was used in this research and composed of 96 wt% hematite (Fe 2 O 3 ).
Other chemical constituents in the iron oxide were SiO 2 (0.40 wt%), CaO (0.02 wt%) and MnO (0.02 wt%). Palm shells waste obtained from the local oil palm processing mill in Malaysia was used in this experiment as carbonaceous material. As-received palm shells were oven-dried at 383 K for 24 h to reduce moisture, then crushed into a particle size of 2 mm. The activated carbon or char was prepared by impregnation with the orthophosphoric acid of 85% purity at impregnation ratio of 1.0. The solution was occasionally stirred for 2 h before the resulting slurry was filtered and left to dry in an oven overnight. Pyrolysis was carried out in a horizontal tube furnace under a purified nitrogen atmosphere with a constant gas flow of 1 L min −1 . The pyrolysis process was performed at 723 K and the isothermal time was set to 2 h. After cooling, the sample was thoroughly washed repetitively with hot and cold distilled water until the washing water reached a pH of 6-7. The washed char sample was dried in an oven overnight at 383 K before ground and sieved to a particle size of <63 m.
Reduction procedure
The composite pellets were made with a mixture of hematite reagent powder and fine palm char; with a stoichiometric ratio of carbon to oxygen combined with Fe was fixed to 0.6. The cylindrical pellet was prepared by pressing the powder mixtures using a laboratory hydraulic hand press machine (SPH-900, 10 tonne) in a hardened steel die under 2-tonne pressure. The composite pellet has 10 mm diameter and about 5 mm in length. In order to analyze the effect of high temperature, experiments were performed at four different reduction temperatures (1523 K, 1623 K, 1723 K and 1823 K). The composite pellet was placed in a ceramic crucible before inserted to the hot zone of the horizontal tube furnace. When the desired temperature achieved, the furnace was continuously purged with argon gas at a flow rate of 1.0 L per minute. The reaction tube was closed using caps at both ends to control the internal atmosphere. After 30 min of reaction, the crucible was drawn from the hot zone to the cold zone of the tube furnace. Samples were cooled down to room temperature before reduced sample weight was measured and the extent of reductions was calculated. The experiment setup has been described elsewhere [22] .
Characterization method
The proximate analysis of the carbonaceous material was conducted according to ASTM D3172-3175 for determination of moisture content, volatile matter, ash and fixed carbon content. The ultimate/elemental analysis (C, H, N, O) was done using a Perkin Elmer 2400 Series II elemental analyzer. The phase analysis for raw and reduced samples was carried out using a Bruker model D2 Phaser X-ray diffractometer (XRD) with CuK␣ radiation. The diffraction pattern was recorded at 2 from 20 • to 90 • at a step size of 0.02 • and scan speed of 0.1 seconds per step. The structural changes were examined by Scanning Electron Microscopy (SEM, JEOL JSM 6460LV). An energy dispersive X-ray (EDX) spectrometer attached to the SEM was used to identify the chemical components in weight percentage.
3.
Results and discussion
Hematite characterization
Details characteristics of iron oxide sample from SEM/EDX and XRD analysis are presented in Figs. 1 and 2, respectively. The SEM micrograph and its corresponding EDX spectra ( Fig. 1) shows the major constituent of elements Fe (58.24 wt%) and O (30.16 wt%) in the sample. A phase analysis was done using XRD to justify the phases of Fe 2 O 3 in the iron oxide sample (Fig. 2) . 
Agricultural waste characterization
The proximate contents and elemental analyses of the raw palm shell and produced palm char are listed in Table 1 . This table reveals that the palm char used in this study has a fixed carbon of 61.50 wt% whereas the commercial coke usually has a fixed carbon of 80-90 wt%. In comparison, the fixed carbon in palm char is higher than coal char [23] and the value is appropriate for the reduction of iron oxide. The raw palm shell has a volatile matter of 68.30 wt%, fixed carbon of 20.30 wt%, 7.70 wt% moisture and 2.70 wt% ash. After the chemical activation process, the volatile content in the char decreased to 9.80 wt% and eventually, the fixed carbon content increased about three times of original content. Volatile matter for palm char in this study was higher than coke reported by other authors [24] . The thermal conversion process primarily releases volatile products such as H 2 , CH 4 and hydrocarbon from agricultural waste. The pyrolysis products would assist the char reactivity for a better reduction reaction [25] . Chemical activation usually resulted in the formation of pores in the activated carbon and a well-developed pore structures would accelerate the CO generation [26] . From the elemental analysis, the palm char has 60.80 wt% carbon, 40.28 wt% oxygen, 2.73 wt% hydrogen and 0.65 wt% nitrogen. Other than carbon, the oxygen content has a positive role in the formation of CO and CO 2 during carbon gasification to enhance the high-temperature reduction reactions. This is due to higher conversion of iron oxides to metallic iron during the evolution of CO and CO 2 as these gases become gaseous reductants.
Phase and microstructure transformation
The XRD patterns of the unreduced and reduced samples at different temperatures are presented in Fig. 3 . Phase analysis was identified using the Powder Diffraction File database published by International Centre for Diffraction Data (ICDD, Newtown Square, Pennsylvania). Before reduction reaction, the unreduced sample showed that almost all peaks correspond to pure hematite (Fe 2 O 3 ) (hematite; PDF file:
01-089-0598). In addition, the carbon (C) peak at 2 angles of 26.6 • corresponds to the palm char added as a reductant. As temperature rising from 1523 K to 1823 K, the diffraction patterns of the reduced sample shown changes in phases (Fig. 3) . The reduction progress indicated the effect of temperature and reactivity of agricultural waste as carbon reductant. At 1523 K, it can be noticed that the peaks of metallic iron (Fe) and magnetite (Fe 3 O 4 ) become apparent and all hematite phases almost disappeared (magnetite; PDF file: 01-076-0958). This implies that there were a sufficient reductant and heat supply at the reaction site for the reduction to occur. It can be seen that the wustite (FeO) peak appeared along with iron (Fe) at 1623 K and 1723 K. The wustite peaks can be recognized from the crystallite phases of (111), (200), (220) and (311) ) reduced to wustite and achieved a further step of iron oxide reduction. In order to begin the wustite formation, the hematite must reduce to magnetite via intermediate stages.
The carbon phase can be seen at lower temperatures due to the crystalline nature of carbon in palm char [27] . When the temperature higher than 1623 K, the carbon phase at diffraction peak of (111) has been fully diminished. Further increasing the reduction temperature to 1823 K resulted in a complete reduction of iron oxides into metallic iron after 30 min of reaction. It is believed that the solid-solid and gassolid reactions involved in the reduction reaction to convert iron oxide rapidly. The iron peaks can be seen increased with temperature. The highest intensity of iron was obtained at 1823 K at 44.9 • , 65.3 • and 82.8 • corresponds to diffraction peaks of (110), (200) and (211), respectively (iron; PDF file: 01-087-0722). The complete reduction of iron oxide indicated a higher reduction extent at 1823 K. High temperature causes rapid evolution of volatile matter and the mineral matter available such as Fe 2 O 3 , SiO 2 and CaO, thus speed up the reduction reaction [24] . The XRD patterns of reduced samples confirmed the conversion of Fe 2 O 3 → Fe 3 O 4 → FeO → Fe in a stepwise manner with the increase of temperature.
The crystallite size can be determined from the most intense peaks in XRD patterns using Debye-Scherer formula evaluated from Eq. (1).
where is the wavelength of X-ray (0.15406 nm), ˇ is FWHM (full width at half maximum), is the diffraction angle and D is crystal size. The crystallite size of the reduced sample was calculated and presented in Table 2 .
With the increase of reduction temperature from 1523 K to 1723 K, the crystallite size decreased from 15.36 to 8.65 nm. The higher FWHM resulted in a decrease in crystallite size. This effect can be related to the changes in the crystal structure according to phases during stepwise reduction from hematite to magnetite, wustite and to metallic iron. The boundary between crystallites may cause the crystal to reduce in size. The crystallite size has been found to be 12.10 nm at 1823 K. This indicating crystallization of particle when complete reduction to pure iron was achieved. Seen in Fig. 3 , there is no other peaks observed in the XRD pattern at 1823 K since the metallic iron is a stable phase. The reducibility of the hematite with solid carbon is much related to the concentration of reducing gases. The volatile matter evolved from palm char during pyrolysis produced H 2 , CO, CO 2 and CH 4 [28, 29] . As a result, a higher concentration of reducing gases was created. In the direct reduction reaction, iron oxide reacts with solid carbon as following reactions, Eqs. (2)- (4):
The high temperature is favourable for reduction and as a result, a higher concentration of CO released for better reduction extent [21] . Temperature accelerates the conversion of iron oxide into metallic iron by oxygen diffusion. This creates a higher tendency to remove the combined oxygen from iron oxide as well as decreasing the amount of reducing gas required to release metal iron from iron oxide [30] . At the same time, application of the lower amount of reductant is desirable to lower the raw material cost in steelmaking. Furthermore, char produced by pyrolysis is highly porous with a large specific surface area to enhance the penetration of gases to the pores of the pellet [31] . The indirect reductions are exothermic and controlled by gas components such as CO occurs as in Eqs. (5)- (7): 
Thermodynamically, the direct reduction (Eqs. (2)- (4)) reactions are endothermic and the reaction rate is strongly affected by temperature [32] . By increasing the reduction temperature, the carbon gasification reaction (Eq. (8)) and reducing gases concentration can positively be activated. Fig. 4 shows the SEM micrographs of reduced samples after reduction at 1523-1823 K for 30 min. It can be seen that all reduced samples exhibited growth of metallic iron after reduction with palm char, identified by metallic particles as shown in the micrograph. The iron formation is due to the chemical reaction of reduction of iron oxides and char gasification. Iron oxides and metallic iron may accelerate the carbon gasification rate by decreasing chemical valence of iron oxides [33] .
It was possible to identify the palm char structure with more rounded particle and smooth surface as shown in Fig. 4(a) and (b) . As temperature increased, the palm char structure diminished as the carbon was fully consumed during the reduction reaction. The incomplete reduction was shown by the structure of unreduced hematite along with metallic iron at a lower temperature in Fig. 4(a) and (b) . Meanwhile in Fig. 4(c) and (d) , the micrographs showed the denser structure of metallic iron which most of the hematite was completely reduced at higher temperatures (1723-1823 K). The complete Fig. 5 -Surface morphology and multipoint EDX spectra of palm char/hematite pellets after reduction at temperature of (a) 1523 K and (b) 1823 K. conversion to metallic iron at 1823 K represents a high extent of reduction. Fig. 5 (a) and (b) represents the SEM micrographs with corresponding EDX spectra reduced sample at 1523 K and 1823 K, respectively. Different colours of particles can be observed for samples reduced at 1523 K, particularly light grey colour (Point 1) and grey colour (Point 2). From the EDX analysis at Point 1, the sphere-like particle with light grey colour represents the metallic iron particle with grain size ranged from 3.39 m to 6.58 m. The elements of silicon, oxygen, iron, aluminium and potassium can be observed at Point 2, thus concluded to be the slag phase from iron oxide dissolution. The SEM micrographs with corresponding EDS spectra at 1823 K showed that Point 3 and 4 are the metallic iron structure. The iron has denser and agglomerated structure than unreduced hematite structure. From the EDX intensities, the highest element detected was iron with a low amount of other elements as impurities. Fewer impurities are important in the metallurgical applications for a better quality of hot metal [34] . The high temperature at 1823 K has the advantage to reduce hematite to metallic iron rapidly and forms high purity iron. In a previous work by Srivastava et al. [35] , reduction of iron oxide (magnetite) with fine wood was able to produce highly metallized iron products. Fig. 6 shows the EDX analysis of reduced samples based on elements in weight percentage. As reduction temperature increased, the percentage of iron also increased. As oxygen subsequently removed from the iron oxide (Fe x O y−1 ), more metallic iron was produced. The results have a good agreement with the XRD analysis findings shown in Fig. 3 where the metallic iron peaks were shown dominant and become sharper. The aluminium content was found decreased when reduction temperature increased indicated less pick up of aluminium by molten iron. Thus, reduction temperature presented an effective removal of oxygen and other elements from iron oxides while accelerating the formation of metallic iron.
Kinetics analysis
Kinetics analysis of iron oxide reduction was calculated based on the uniform internal reduction used by most researchers. The experiment performed obeys first-order kinetics and the Arrhenius equation in Eqs. (9) and (10), respectively.
where f is the reduction extent from the weight loss fraction, k is a rate constant (s −1 ), and t is the reaction time (s), k 0 is pre-exponential factor (s −1 ), R is universal gas constant (8.314 J mol −1 K −1 ), E is apparent activation energy (kJ mol −1 ) and T is temperature (K). The reduction extent per unit time was taken as the rate constant, k. Fig. 7 shows an Arrhenius diagram based on the kinetic parameter calculated in Table 3 . Accordingly, a graph of −ln k versus 1/T was plotted and it should give a straight line. The E (activation energy) value was calculated from the slope of the resulting straight line in Fig. 7 . In this study, the E value for the reduction of iron oxide with palm char was 117 kJ mol −1 . As a comparison, the activation energy for reduction of iron ore/coal composite was much higher with 199-227 kJ mol −1 [36] . Lower activation energy is preferable to achieve a high rate of reduction. Based on current activation energy evaluated at 1523-1823 K, the rate controlling steps can be decided. The reduction of hematite by palm char may be controlled by the interface chemical reaction together with carbon gasification reaction in the initial reduction period. Then, in the later period, the reduction may be controlled by interface chemical reaction [37] . Carbon gasification reaction is endothermic where an increase of the partial pressure of CO in the initial reduction reaction has been reported by Jung and Yi [38] . Carbon gasification reaction strongly depends on temperature and the activation energy for the reaction is much higher (222 kJ mol −1 ) [32] .
The value of activation energy obtained from this study may correspond to reduction steps. According to Trushenski et al., the activation energy reported for reduction from Fe 2 O 3 → Fe 3 O 4 was 69-100 kJ mol −1 . While for reduction of Fe 3 O 4 → FeO and FeO → Fe, the activation energy was 65-78 kJ mol −1 and 116 kJ mol −1 , respectively [39] . From the obtained value from this study, it can be said that the E value is higher than those reported reduction steps. However, the value is almost similar to the reported E value for FeO → Fe but lower than carbon gasification reaction. Thus, an accelerated chemical reaction of iron oxide may be obtained from this reduction step than carbon gasification. The kinetics analysis was found to relate with the conversion of iron oxides to different phases which is an agreement with structural changes in Figs. 4 and 5. It has been reported that 120 kJ mol −1 activation energy would produce a dense wustite product layer and diffusion of iron ions across the FeO becomes rate limiting [40] . However, the metallic iron can become a catalyst during the reaction above 1273 K and carbon gasification could also be the rate-limiting [38] . Other than temperature, carbon gasification rate can be affected by gas composition and catalyst [41] .
Conclusions
The effect of high-temperature reduction (1523-1823 K) of hematite with palm char was investigated to understand the correlation between the structure of the reduced sample with correspond reaction kinetics. The findings indicated a successful conversion of hematite to different phases of iron oxide after high-temperature reduction. The XRD analysis indicated a complete reduction to iron after reduction with palm char at 1823 K for 30 min. The formation of metallic iron was observed from SEM micrographs for all reduced samples. The rise of Fe contents in the samples after reduction from 1523 to 1823 K was confirmed by EDX analysis. It is believed that the desired conversion of iron oxides to metallic iron achieved at temperatures higher than 1523 K due to high gasification rate. The high temperature favours the CO and CO 2 gasification from the palm char thus resulted in a high extent of reduction. The reduction reaction in this study follows the three steps of reduction from Fe 2 O 3 → Fe 3 O 4 → FeO → Fe. The apparent activation energy measured for the reduction of hematite with palm char was 117 kJ mol −1 which correspond to high reduction extent. It can be concluded that the agricultural waste from palm shell could be used as an alternative reducing agent for a sustainable steelmaking process.
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